INTRODUCTION
Bendable and angulated single-piece dental implants are used as an alternative to designs which include screwable abutments 1 . The advantage of using one-piece implants is avoidance of gaps between implant body and abutments and to obviate otherwise frequent loosening of abutments or prosthetic screws 2 . One consequence of jaw bone atrophy may be that no bone is present in those jaw areas where the teeth are to be placed. This creates problems for the implantologist and has led to the desire to perform bone augmentations. Basal implants 3 overcome this problem in a diff erent manner than cylindrical ones. Their baseplates are anchored in small, native bone areas often far from the actual clinical tooth, i.e. distant in a vertical and/or sagittal and/or horizontal direction. Although clinical experience has led to the development of a variety of basal implant designs, the surgical situation may demand variable positioning of the interconnection implant part (screw hole or cementing post). For this reason, the surgeon has to bend the vertical part of the implants before or after the insertion, in order to allow easy prosthetic access of the connection area.
Although bending of implant necks has been used in crestal implantology for a long time, no literature was found on the eff ects of bending on the development of residual stresses within the implant and alteration of the stress distribution during loading. The description of the eff ects takes into account that plastic bending aff ects the internal structure of the implant body because the described deformations exceed the yield limits of the material.
We have developed a model that takes into account the following: -the process of bending an inserted implant is assumed to be harmless to the bone if the resulting forces on the bone interface remain within the range of elastic deformation of the bone, thus creating no or only a limited number of cracks or micro-cracks -the forces must be within a range that can be applied inside the oral cavity by the surgeon. In previous articles we created models to describe the interaction between bone and basal implants using the method of fi nite element analysis. Thereby we proposed a novel approach for modelling diff erent interactions between cortical and cancellous bone 4, 5 . This approach has been used for describing diff erent stages of osseointegration and remineralization. In daily clinical practice as well as during previous computations, the problem of stress distribution within dental implant bodies undergoing intra-operative bending vs. implant bodies which have been machined in angulated designs out of one piece of metal became of interest.
MATERIAL AND METHODS
The understanding of dental implants mechanical behavior during bending process comes from clinical practice fi ndings, where the problem of the durability prediction during implantation procedure arises. A set of fi nite element models describing possible bending cases formed at implantation was chosen as a suitable method. However material experiment takes also part in this study (Titanium Grade 2), where results are used to improve material model.
As a fi rst step to obtaining reliable results, we performed a tensile testing experiment on a Titanium Grade 2 specimen. In this way the material model is extremely precise over a wide range of loading. We used rod specimens for this experiment with a total length of 190 mm and a diameter of 10 mm. The specimen was connected to the testing machine through M16 threads at both ends (Fig. 1a, b) . We tested 5 specimens and the results were extremely similar. Average values and standard deviations (tensile yield strength σ k = 326 ± 11.40 and ultimate tensile yield strength σ p = 492.6 ± 2.41) were used for calculation.
Our model is based on the stress-strain-curve shown in Fig. 2 . This fi gure shows three lines (0-A; A-B, B-C), with the line 0-A corresponding to the elastic material behaviour, lines A-B and B-C approximate the properties of the material in the plastic zone. The line decreases on the right side of C since the cross sectional area of the specimen diminishes during the experiment.
Since we found a considerable diff erence in repeated measurements and the available data in the literature 6 ( Fig. 3) , we decided to trust our own measurements and used the model obtained values from our material tests. In the above reference 6 the ultimate strength is reported to be higher than the maximum value of the yield strength, which we consider unusual. Also for this reason we decided to perform a test of our own.
As a second step to approach the questions arising from angulated or bendable dental implants we chose to observe the stresses within the implants and the infl uence of the bending action, without considering the stresses at the interface to bone. Thus we modeled through the method of fi nite elements several bending situations for basal implants with one baseplate. The fi nite element mesh of the mandible was created in the system ABAQUS 6.6-5 (Abaqus Inc., Providence, RI 02909-2499, USA) by the C3D4 element type. The ABAQUS system was also used for all remaining pre-processing, computational and result evaluation works. The practically usable cross sectional diameter of the bending area for a dental implant (made from c.p. Titanium Grade 2) can only range from 1.7 mm to 2.0 mm. Smaller diameters should not be considered because they are prone to fracture, while implants with higher diameters do not allow bending inside the oral cavity.
For our calculations, the shaft thickness was assumed to be 1.95 mm and the resulting upper and lower bending angles after plastic deformation and elastic relapse were each 13 degrees. The vertical implant part had no contact with bone and the baseplates were rigidly anchored. Four cases of bending or double bending of the vertical implant part were calculated (Fig. 4) .
Since we found in preliminary calculations 4 that only very little stress occurs within the baseplates in these implant designs, we were able to simplify the model into a plane symmetrical part of implant and leave out the desk (i.e. the fi xating baseplate; Fig. 5 ). In this way our fi ndings can also be applied to the crestal implant designs, i.e. screws. However in screw designs only the upper bending area is of clinical use.
The analysis of each case (Fig. 4 ) considers a sequence of mechanical actions imposed on the implants: -Step 1: before any bending, the implant was fi xed below the particular bending area -Step 2: the implant part above the notch was then bent, applying kinematical load. The initial bending angle was 15 degrees -Step 3: immediately after releasing the necessary loading, an elastic relapse was assumed to occur, resulting in a total bending angle of 13 degrees -Step 4: after the bending, stresses within the pre-bent implants under loading conditions were calculated. Note that von Mises stresses and main stresses were calculated and displayed. -the actual loading was calculated in two ways:
1. Main stresses and von Mises stresses were calculated for all four cases, assuming static loading of 450 N, with the load being applied perpendicular to the crestal abutment surface. 2. Results were compared to implants which had not been bent but manufactured by CNC/machining into exactly the same angulation. These implants showed no residual stresses inside the area of angulation because they have not been bent. A reduced force of only 390 N was applied in all cases where the upper bending area was bent. We had to use a lower force because the computation would be inaccurate if the value of stress determined at point C ( Fig. 2) was reached or exceeded.
In the cases of two bendings (case 3 and 4, Fig. 4 ), we assumed that the results of the second bending procedure did not aff ect the fi rst bending.
The implant material, considered in this model, is c.p. Titanium grade 2, ISO 5832-2:1993. Elastic properties are described by Young's modulus of elasticity E = 1.05e5 MPa and Poisson's ratio ν = 0.37. The plastic prop-Bendable vs. angulated dental implants: Consideration of elastic and plastic material properties based on experimental implant material data and FEA   Fig. 1a, b . Heckert VFP400 tensile testing device used for our testing, with the test specimen made from "Titanium Grade 2". erties are taken from our material test described above where the stress-strain curve was approximated by three points (A, B, C). The above-mentioned material properties are shown in Figure 2 for illustration. The material in the plastic stage is modelled as incompressible (ν = 0.5).
The material is assumed to change its material properties isotropically during plastic deformation but these changes have not been quantifi ed to our knowledge. Figure 6 displays the situation after kinematical 15° bending (Step 2); the maximum stress here is 495 MPa. This maximal stress surprisingly increases after the release of the bending load (Step 3) up to 530 MPa (Fig. 7) which is caused by the residual stress. The stress decreases again (515 MPa) after loading the implant by a force of 450 N (Fig. 8) . This shows that loading of the implant after bending aff ects the residual stress and a more balanced stress distribution is the result.
RESULTS

Bent implants
A more or less similar situation occurs again for remaining Cases 2, 3 and 4. The Figure 9 displays Von Mises stress distribution at a maximum load of 390 N (Step 4) after one single bend had been applied to the upper bending area (Case 2). Note that there is also a deformation in the area of the lower bending zone stemming from the loading. (Maximum stress is 528 MPa but note that the loading force is diff erent from Fig. 8 ). Figure  10 shows the residual stresses (Max stress is 530 MPa) in the vertical implant after two bends had been released (Case3, Step 3) and Figure 11 shows the stress increase (up to 591 MPa) after loading the implant by a force of 390 N (Case 3, Step 4). Case 3 is the only case where the loading in Step 4 causes no residual stresses and produces the most balanced stress distribution. Figures 12 and  13 describe Steps 3 and 4 for Case 4. The greater stress distribution (530 MPa) is again in the state of the bend release (Step 3) than in the state of fi nal loading (Step 4 -maximum stress is 519 MPa).
Unbent implants, machined with one angulation in the vertical implant shaft
If the internal structure of the vertical implant part is homogenous, no residual stresses are present in the (machined) upper angulation area. In this case off -axis loading will lead to a peak stress near the baseplate. This is also true for cases without a circular notch (not shown here): in these cases the peak stresses may be displaced nearer to the baseplate (Fig. 14) .
The same applies to basal implants if two angulations are machined into the vertical part (Fig. 15) .
Our fi ndings may be summarized as follows: -if there is only one bending carried out, the maximum stresses are always found in the bent area -if two bends are carried out, the maximum stresses are distributed between the two bent areas -if only one of the bent area is machined, there are no residual stresses within the implant body in this area and maximum stresses are always located near the baseplates. The absolute value of the maximum stresses is higher because no residual stresses are available to compensate stresses that stem from loading.
DISCUSSION
The method of the fi nite element model is frequently used in evaluating the design of dental implants 7, 8 . Most studies evaluate either the stresses imposed on the bone 9, 10 or on the prosthetic workpieces 11, 12 . We found one study showing that staggered implant placement produces similar stresses to straight placement 13 . No evaluations of bendable implant designs were found in the existing literature and hence the latter provides only limited grounds for comparison with the results of others.
It is possible to apply bends to the vertical implant part more than 13 degrees. However, we chose the maxi-Bendable vs. angulated dental implants: Consideration of elastic and plastic material properties based on experimental implant material data and FEA mum degree of bending (after Step 2) since when we tried to calculate with larger bending angles, the computation failed. In our model the situation changed so dramatically with bends of more than 13 degrees, that any calculation was unfeasible. Larger bends are clinically possible and also performed in daily clinical practice but our model did not allow us to compute them. We did not calculate machined pre-angulated implants with a greater angulation because the bendable counterpart was not available for comparison in our model. The highest stresses were found when exerting a maximum bending of 15 degrees. This stress consists of elastic and plastic components. After the elastic relapse to a fi nal bending of 13 degrees, the plastic deformation and the residual stresses remain, while the elastic stresses vanish. The strong internal forces from plastic deformation are not visible. However, they aff ect the stress distribution during subsequent loading. Our fi ndings are applicable to a wide range of materials. However a large number of materials will not allow bending under the conditions applicable inside the oral cavity. Interestingly the diff erent types of bending (Cases 1-4) do not alter the maximum stresses dramatically.
One of the weaknesses of this study is the fact, that the interface to bone was not considered. Hence the results are valid only for basal implants immediately after the implant placement, in cases where the implant is placed in highly mineralized, cortical bone providing a rigid fi xation of the baseplate with no contact between the vertical implant part and the bone. The situation during the dual process of osseointegration of a basal implant has been described for non-angulated, unbent implants and oblique loading 5 . However, calculations for angulated or bent osseointegrated implants and the determination of forces acting on the bone while implants are bent, remain to be performed in future. Also the eff ect of cyclic loading on the bending areas was not calculated, since fatigue computations are not routinely performed in fi nite element analysis.
When transferring the results from basal to screw-type implants and the clinical reality, we must keep in mind that the insertion of bendable implants into more mineralized bone (Types D1, D2) may lead to extremely high torque forces, which exceed the forces during bending by far. These forces may lead to fracture of the bending area, although the implant may have been well able to withstand the bending and the following cyclic masticatory loading without damage, in the case that the implant had only been inserted without damage.
CONCLUSIONS
Assuming that all other parameters are equal, bendable basal dental implants show a more even stress distribution along the vertical implant part compared to identical angulated implants. Bent implants of this type probably therefore resist masticatory forces better than angulated implants. Our results can be transferred to screw implants with thin, bendable necks: those implants should undergo bending whenever they are used, in order to improve material properties through residual stresses and thereby increase mechanical resistance in the bending area.
